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Abstract 
The aerodynamic drag force acting on a circular cylinder clad with knitted wool and polyester textiles has been 
investigated in wind tunnel experiments in this study. Particle image velocimetry (PIV) was utilized to determine the 
flow field, both around the separation point and a wake profile in the close wake. The drag forces and the 
characteristic CD curves were determined over a range of Reynolds numbers expected to contain flow transition, for a 
number of knitted textiles having different surface roughness characteristics. The effects of knitting parameters and 
type of yarn on the flow field were investigated. The parameters of interest to be examined were critical Reynolds 
number, separation point, growth of the wake and wake profile. The wool and polyester textiles examined showed 
dissimilar effects on the flow field. Both were clearly adding surface roughness, and hence tripping transition to 
turbulence at a lower Reynolds number than for the smooth cylinder. The wool textile did however turn out be a more 
effective turbulence trigger than expected. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Aerodynamic properties of textiles have been investigated in several recent studies related to sport
science [1, 2]. The purpose of these studies is mainly to optimize sports garments in order to minimize the 
drag force acting on athletes performing in high speed sports such as speed skating, cycling etc. This has 
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resulted in the introduction of apparel with zoned fabrics in several sports. In most of this recent research 
the physical properties of the textiles have not been quantified and systematically used as a parameter 
however. In order to customize aerodynamic sports apparel to a given event or athlete, more detailed 
knowledge and systematic data on the aerodynamic properties of different types of fabric, including yarn 
composition, textile manufacturing techniques and textile manufacturing parameters needs to be acquired. 
The total drag force D acting on an arbitrary body can be expressed as: 
ܦ ൌ ͲǤͷߩܷଶܣܥ஽                (1) 
where ȡ (kg/m3) is air density, U (m/s) is velocity, A (m2) is frontal area projected in the direction of U 
and CD is the drag coefficient which depends on the shape and surface properties of the body. In order to 
reduce drag without altering the frontal area of the athlete one therefore need to reduce the drag 
coefficient itself. For simplicity the limbs of a human body can be modeled as circular cylinders. It must 
however be considered that the distance between the limbs affects the drag coefficient [3, 4].  Fluid flow 
around bluff bodies, like a human leg or a circular cylinder, is characterized by a succession of flow 
transitions from a laminar to a turbulent flow regime respectively in the wake, the free shear layer and in 
the boundary layer regions. Wieselsberger [5] showed that the drag coefficient CD of a cylinder was 
dependent on the Reynolds number, and that a drop in drag coefficient at high Reynolds numbers called 
‘drag crisis’ was related to the transition to turbulence in the boundary layer around the separation point. 
This study also pointed out that the transition in the boundary layer was affected by surface roughness. 
The influence of surface roughness on the flow can be divided in two sub-parameters, relative roughness 
k/D, and the texture of the roughness. Fage and Warsap [6] studied the effect of surface roughness on a 
cylinder and showed that an increasing surface roughness would shift the drag crisis to a lower Reynolds 
number. Their results also showed that the rougher surface also would generate a smaller drop in CD than 
the smoother surface, suggesting that the drag crisis would disappear for very rough surfaces  
The use of surface roughness in sports garment is relatively new and the first skin suits used were 
smooth in order to reduce the frictional drag. Van Ingen Schenau [7] showed that a rough woolen suit 
actually had less drag than a smooth speed skating skin suit at low speeds (< 6 – 7 m/s) and explained this 
by an earlier development of a turbulent boundary layer due to the roughness. However speed skating 
skin suits stayed uniformly smooth for many years. Brownlie [1] did an extensive study of the use of 
uniform surface roughness in sports apparel and developed a protocol for individual selection of fabrics 
for sports apparel.  
All kinds of textiles will have a natural surface roughness dependent on their method of 
manufacturing, being weft, knitted or felted. In terms of controlling the roughness of the textile during 
manufacturing, knitted textiles are suitable due to easily controllable manufacturing parameters such as 
fibre thickness and stitch length. Controlled variation of these parameters will imply a distinct variation in 
the appearance of the textile and the surface roughness. Though the effects of surface roughness in 
general are well described, the characteristics of the roughness itself also play an important role, 
influencing how effective the roughness is working as a turbulence trigger and how it effects the growth 
of the boundary layer.  In this study particle image velocimetry (PIV) analysis were therefore performed, 
in addition to traditional drag force measurements, in order to get an impression of the separation point 
and wake profile impact of the different textiles. 
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2. Experimental Setup and Methods 
2.1. Textiles 
Wind tunnel experiments were conducted on 40 cm long cylinder models completely clad with 
textiles, and on smooth PVC cylinders for comparable data. Two different sized cylinders measuring 6.5 
cm and 11 cm in diameter were used for the drag measurement tests. All textile samples were fitted to the 
cylinders with equal tension and consequently the same numbers of wales (columns of stitches) per cm. 
This would imply a similar absolute roughness but a higher relative roughness (k/D) for the smaller 
cylinder. The textile samples were produced at the RMIT University in Melbourne, Australia on a 
Lawson Hemphill FAK-S knitting machine. This is a laboratory standard knitting machine with a built in 
stitch control system to ensure a uniform knit sample fulfilling a given stitch length. The textiles used 
here are the same textiles that were used by Oggiano [8]. It is referred to this article for detailed 
manufacturing and conditioning details. The individual textile samples were defined by their cover factor 
(CF) and their yarn composition. The cover factor is a parameter describing the tightness of the fabric, 
and by implication how much of the total loop area being covered by the yarn and it can be written as  
ܥܨଶ ൌ ்௘௫௅మ                  (2) 
where Tex is a measure for weight per length of yarn and it is given in grams per km and L is the stitch 
length given in mm [9]. 
When CF is increased, either by reducing the stitch length or increasing the thickness of the yarn, the 
fabric will appear tighter and less perforated. A simple surface analysis was performed using an Epson 
Perfection 3490 flatbed scanner. Stretched samples of 3.25 x 3.25 cm were scanned at 2400 ppi and the 
images were analysed with a custom LabView program. Table 1 shows the correlation found between 
cover factor and the area covered by yarn, given as percentage of the total area of the sample. 
Table 1. Area covered by yarn given in percent 
 CF 1.00 CF 1.20 CF 1.40 
Polyester 0.6752 0.7373 0.7693 
Wool 0.6600 0.7379 0.8049 
2.2. PIV 
The Particle Image Velocimetry (PIV) method was utilized to acquire quantitative measurements of 
the flow field both along the cylinder surface and in the flow wake.  For this experiments a Solo Nd:YAG 
laser from NewWave Research was used to create a thin laser light illumination sheet. The laser sheet was 
oriented horizontally, parallel with the flow. A Dantec Dynamics FlowSense M2 10 bit high-speed digital 
camera equipped with a Nikon Nikkor 60 mm F2.8D lens was mounted above the wind tunnel roof 
perpendicular to the laser sheet (see Figure 1(a) and Figure 1(b)).  
Two single exposure frames were captured for every measurement, and the image pairs were analyzed 
with FlowManager 4.70 software from Dantec Dynamics using an adaptive correlation method with a 
final interrogation area of 32 x 32 pixels. The resolution of the camera CCD of 1600 x 1186 pixels and an 
interrogation area overlap of 50%, resulting in 99 x 73 velocity vectors per image, gave a spatial 
resolution of approximately 1 mm. A 40 cm long PVC cylinder was fixed to a steel rail by a rigid 25 mm 
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steel rod fixed in both ends of the cylinder to reduce oscillation effects. PIV analysis was used to define 
how the flow field develops behind the cylinder for the different textiles. 
Textile samples with a cover factor of 1.25 were chosen for the PIV analysis. All the measurements 
were also performed on a smooth PVC cylinder for comparable data since much data in literature is based 
on smooth cylinders. 
2.3. Drag measurements 
Drag measurements were performed in the large scale 220 kW wind tunnel in at the department of 
energy and processing at NTNU, Trondheim. The tunnel is a closed circuit construction with test section 
dimensions of 12,5 (l) × 1.8 (h) × 2.7 (w) meters. 
  
 
Fig. 1. PIV setup (a) Top view (b) Stream wise view (c) Drag measurement setup 
The resulting blockage ratio is 4% for the largest diameter and was hence disregarded. The drag force 
component was measured by a Schenck six-way wind tunnel force balance, the free-stream speed was 
measured with a pitot pressure probe connected to a pressure transducer, and the acquired voltages were 
logged with a custom LabView logging program at 100 Hz. 
The drag force on 5 different textiles samples with varying CF values ranging from 1.00 to 1.40 were 
measured for both wool and polyester. The measurements were performed according to the setup 
described in Figure 1(c). Ten increasing wind speed measurement points, ranging from 10 to 23.5 m/s, 
controlled by the rpm of the fan, was used for every measurement series. The average drag force values 
were then used to calculate CD values based on the cylinder frontal area.   
3. Results and Discussion 
3.1. Drag measurements 
 
From the acquired drag force data the drag coefficients CD was calculated and plotted against Reynolds 
number. The results for the polyester textiles are shown in Figure 2(a). The results for the 6.5 cm cylinder 
covered with polyester textiles seem to correspond well with theory and comparable studies carried out on 
rough cylinders in the literature [6, 10, 11]. The knitted polyester fabric triggers transition to turbulence in 
the boundary layer causing a drag crisis at Reynolds numbers well below those expected for smooth 
cylinders. It seems that the critical Reynolds number, defined as the Re where the CD-Re curve has gone 
half its drop, roughly follows the cover factor of the textile in such a way that the looser fabric acts like a 
rougher surface, and hence triggers transition at a lower Reynolds number. This is shown in detail in 
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triggering premature transition to turbulence in boundary layers, and the critical Reynolds number is 
found to be directly dependent on cover factor. The wool textiles tested did not show any sign of flow 
transition in the Reynolds range tested (0.4×105< Re <1.7×105) and are hence assumed to be in the 
transcritical flow regime. From this results wool textiles appear to be a much more effective turbulence 
trigger than polyester textiles. It is presumed that this property is caused by the loose fibres extending 
from the wool threads. The subcritical flow around the polyester coated cylinder was found to cause the 
same drag coefficient as the transcritical flow around the wool coated cylinder. PIV measurements 
confirm that the wake profiles of these two flow fields are in fact similar.  Compared to a smooth cylinder 
the polyester textile is advantageous for critical and higher Reynolds numbers while the wool textile is 
disadvantageous in the whole Reynolds range considered.   
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